Ionizing radiation (IR) is commonly used to treat central nervous system (CNS) cancers and metastases. While IR promotes remission, frequent side effects including impaired cognition and white matter loss occur following treatment. Fractionation is used to minimize these CNS late side effects, as it reduces IR effects in differentiated normal tissue, but not rapidly proliferating normal or tumor tissue. However, side effects occur even with the use of fractionated paradigms. Oligodendrocyte progenitor cells (OPCs) are a proliferative population within the CNS affected by radiation. We hypothesized that fractionated radiation would lead to OPC loss, which could contribute to the delayed white matter loss seen after radiation exposure. We found that fractionated IR induced a greater early loss of OPCs than an equivalent single dose exposure. Furthermore, OPC recovery was impaired following fractionated IR. Finally, reduced OPC differentiation and mature oligodendrocyte numbers occurred in single dose and fractionated IR paradigms. This work demonstrates that fractionation does not spare normal brain tissue and, importantly, highlights the sensitivity of OPCs to fractionated IR, suggesting that fractionated schedules may promote white matter dysfunction, a point that should be considered in radiotherapy.
. In humans, impaired attention and memory, changes in personality, and white matter loss are common despite the use of fractionation (Correa et al. 2004; Harder et al. 2004) .
Although the brain has historically been treated as a late responding tissue in radiotherapy paradigms, this may not be entirely appropriate. In addition to post-mitotic cells, there are a number of CNS stem and progenitor populations overlooked in this assumption.
Neurogenesis occurs in specific regions through adulthood in humans and mice Spalding et al. 2013) . Microglia proliferate in cases of disease and injury (Gomez-Nicola, Fransen, Suzzi, & Perry, 2013; Li et al. 2013 ). Relevant to this study, oligodendrocyte progenitor cells (OPCs) proliferate, differentiate into oligodendrocytes, and myelinate throughout life (Dimou & Gallo 2015; Psachoulia, Jamen, Young, & Richardson, 2009; Rivers et al. 2008) , making them susceptible to radiation insult. Acute OPC loss occurs in the murine CNS after radiation exposure (Chari, Gilson, Franklin, & Blakemore, 2006; Irvine & Blakemore 2007) . Importantly, reduced
OPCs have also been noted in patients who received IR as part of their cancer treatment (Panagiotakos et al. 2007) . While the OPC cell cycle is relatively long in adult mice, between 10 and 37 days, insult reduces OPC cell cycle length (Simon, Gotz, & Dimou, 2011) .
Because fractionated radiation is known to modify cell cycle and promote synchrony, OPC dynamics may be altered with fractionated radiation (Pajonk, Vlashi, & McBride, 2010) . Additionally, while only half of adult OPCs may be cycling at any given time (Psachoulia et al. 2009 ), they all have the ability to divide (Kang, Fukaya, Yang, Rothstein, & Bergles, 2010) ; therefore, fractionation may also recruit non-cycling cells into the cell cycle to enhance OPC loss (Pajonk et al. 2010 ).
In addition to OPC depletion, maturation of OPCs and subsequent myelination may be affected by radiation exposure. An IRinduced DNA damage stress response can lead to cellular senescence (Campisi & d'Adda di Fagagna 2007; Suzuki & Boothman 2008) ; this may result in OPCs incapable of proliferation or maturation. The number of myelinated axons increases into adulthood in rats (Nunez, Nelson, Pych, Kim, & Juraska, 2000; Yates & Juraska 2007) ; in addition to this de novo myelination, new myelin production is necessary to replace deteriorated myelin. Because oligodendrocyte and myelin turnover is slow, impairments in maturation may become obvious only after a prolonged period of time, perhaps similar to the latent period between radiation exposure and white matter late effects.
Because fractionated paradigms do not prevent white matter loss and OPCs are radiosensitive, we have investigated the effects of fractionated versus single dose irradiation on the oligodendrocyte lineage.
To determine whether fractionation alters the acute response and fate of OPCs to radiation exposure, we induced yellow fluorescent protein (YFP) expression in Pdgfra-CreER T2 :Rosa26R-YFP mice, exposed them to single dose and fractionated radiation, and examined responses at time points ranging from 8 hr to 18 months from exposure. By directly comparing single dose and fractionated radiation paradigms, we were able to determine whether fractionation provides a benefit to normal OPCs and their progeny. Richardson, were used (Rivers et al. 2008 ). Mice were housed in temperature (238C 6 38C) and light (12:12 light:dark) controlled rooms with free access to chow and water.
| Tamoxifen injections
Animals were injected intraperitoneally (i.p.) daily with tamoxifen (Sigma-Aldrich #T5648, St. Louis, MO) dissolved in 10% EtOH/90% sunflower seed oil (Sigma-Aldrich #S5007) for 5 days at 6-8 weeks of age (Lagace et al. 2007; Wu, Montgomery, Rivera-Escalera, Olschowka, & O'Banion, 2013) to induce YFP in PDGFRa1 OPCs (Figure 1a ). Injections of 180 mg/kg/day tamoxifen were used for 18-month and 8-hr time points. Due to animal loss, the dose was reduced to 120 mg/kg/ day for some 8-hr, and all 3-day, 2, 3, and 4-week, 3 and 6-month time points.
| Irradiations
Three weeks were allowed for tamoxifen clearance prior to irradiations. Animals were anesthetized with 100 mg/kg ketamine/10 mg/ kg xylazine i.p. on Monday, Wednesday, and Friday for 2 weeks, either with or without radiation. Irradiations were done using a 137 Cs source with a 5 3 12.2 cm collimator. Mice were positioned supine with radiation directed between the eyes and ears, at a dose rate of 119-121 cGy/min to the surface of the skull (Moravan, Olschowka, Williams, & O'Banion, 2011) . The biologically effective dose (BED) equation, which applies the linear-quadratic model to take into account dose size per fraction and total dose administered when comparing different IR schedules (Fowler 1989) , was used to design a fractionation paradigm comparable to 20 Gy single dose IR.
The BED is a mathematical construct that provides clinicians the opportunity to compare dosing schedules by assigning arbitrary numbers in units of Gray (Gy). The equation is as follows: BED 5 D (1 1 d/(a/b)), where the total dose, D, is equal to (n 3 d), the number and size of dose fractions; a is a measure of susceptibility to direct cell death, and b is a measure of accumulated sub-lethal damage (Fowler 1989; Fowler 2010) . Generally, late responding tissues are assigned an a/b ratio of 2-3 while early responding and tumor tissues are assigned an a/b ratio of 10, reflecting the importance of acute cell death in proliferative tissues versus the increased contribution of accumulated sub-lethal damage to cell survival in tissues with relatively few proliferating cells (Fowler 1989; Fowler 2010) .
While the CNS is typically considered a late responding tissue, OPCs are proliferative, albeit relatively slowly, and therefore have the potential to display an early response phenotype to radiation. Therefore, we based our fractionation schedule on an a/b ratio of 10:
(a) Mice received intraperitoneal injections (i.p.) of 120-180 mg/kg/day tamoxifen for five consecutive days at 6-8 weeks of age. Three weeks was allowed for clearance of tamoxifen. Mice were anesthetized and exposed to 0 Gy, 13 6 Gy, 23 6 Gy, 63 6 Gy, or 13 20 Gy cranial irradiation, with exposures occurring Monday, Wednesday, and Friday for two consecutive weeks or on the final exposure days in the case of animals not exposed to the 63 6 Gy paradigm. Animals were sacrificed at time points ranging from 8 hr to 18 months after exposure. Tissue was sectioned coronally for 8-hr, 3-day, 6-month, and 18-month time points and sagittally for 2, 3, 4-week and 3-month time points. Fractionated paradigm exposures were administered on Monday, Wednesday, and Friday over 2 weeks ( Figure 1a ). Paradigms of one or two 6-Gy exposures (BED equivalents of 9.6 and 19.2 Gy 10 , respectively) were included at early time points to assess changes through the fractionation paradigm. Animals were sacrificed at 8 hr; 3 days; 2, 3, and 4 weeks; 3, 6, and 18 months following final radiation exposure.
| BrdU injections
Animals sacrificed at 8 hr and 3 days received 150 mg/kg 5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich #B5002) i.p. 2 hr before sacrifice (Mandyam, Harburg, & Eisch, 2007) . Animals sacrificed at 2, 3, and 4 weeks received 150 mg/kg BrdU i.p. 3 days post-radiation (Mandyam et al. 2007 ).
| Tissue processing
For 8 hr, 3 day, and 6 and 18 month tissue collection, animals were anesthetized with ketamine and xylazine (100 mg ketamine/10 mg xylazine) i.p. before transcardial perfusion with 0.15M phosphate buffer (PB) containing 0.5% w/v sodium nitrite and 2 IU/ml heparin. Brains were removed and bisected along the midline. The right hemisphere was immersed in 4% paraformaldehyde (PFA) at 48C for 24 hr, equilibrated in 30% sucrose overnight, frozen in isopentane, and stored at 2808C. Fixed brains were sectioned coronally at 30 mm on a sliding microtome and stored at 2208C in cryoprotectant ( Figure 1a ). Animals sacrificed at 2, 3, and 4 weeks or 3 months were similarly perfused with PB, followed by 4% PFA. Brains were immersion post-fixed at 48C
for 2 hr, equilibrated in 30% sucrose overnight, frozen in isopentane, and stored at 2808C (Hein et al. 2010; Moravan et al. 2011) . Brains were sectioned sagittally at 30 mm on a sliding microtome and stored at 2208C in cryoprotectant ( Figure 1a ).
| Immunohistochemistry
Sections were washed in 0.15M PB, blocked with 3%-10% normal OPCs/mm 2 numbers 3 weeks after injection by Student's t test (P 5 .7189; Figure 1d ), suggesting no OPC toxicity from tamoxifen exposure.
| Fractionation enhances IR-induced OPC loss
To assess the acute effects of single dose versus fractionated cranial IR on OPC numbers, we quantified YFP1 cells in the corpus callosum, cortex, and hippocampus of male and female mice at 8 hr and 3 days post exposure (Figure 2 ). In addition to comparing the 63 6 Gy At both 8 hr and 3 days, the number of YFP1 OPCs was reduced by radiation in the corpus callosum, cortex, and hippocampus (P < .0001 for all). At 8 hr, an effect of sex was observed in the corpus callosum (P 5 .0250). At 3 days, an effect of sex was observed in the corpus callosum (P 5 .0002), cortex (P 5 .0006), and hippocampus (P 5 .0032). n 5 5-9 animals/group, two-way ANOVA with Bonferroni's multiple comparisons test comparing all conditions. Graphs represent mean 6 SEM. *P < .05, **P < .01, ***P < .001. Graphs show statistically significant differences within sexes only. Significance was also found in the 13 6 Gy IR female versus male groups at 3 days in the corpus callosum (P < .05) and cortex (P < .05) with Bonferroni's post-test fractionated dose to a single 20 Gy dose, mice treated with one or two exposures of 6 Gy IR were included to assess changes occurring through the fractionation schedule. At 8 hr, the number of YFP1 OPCs was reduced by radiation in the corpus callosum (F(4,51) 5 50.73, Table S1 . The mean number of BrdU1 or PCNA1 OPCs at 3 days after radiation exposure is shown in Supporting Information, Table S1 .
| Recovery of oligodendrocyte progenitor cells is incomplete through 4 weeks post-radiation exposure
Given the substantial increase in OPC loss seen at 3 days after exposure to fractionated versus single dose IR, we assessed the ability of these cells to recover from radiation-induced depletion. To visualize potential cell migration from unirradiated poles into the irradiated area, brains were cut into sagittal sections and OPC numbers across the cortex and hippocampus were examined. Because a single 6 Gy dose did not cause a large OPC loss, this group was excluded from further studies. Moreover, although sex was balanced across these groups, we did not have enough animals in each group to test for specific sex differences. At 2, 3, and 4 weeks after IR, there was persistent depletion of YFP1 cells in 63 6 Gy irradiated animals, while 13 20 Gy irradiated mice showed some recovery by 4 weeks post-exposure and 23 6 Gy irradiated animals showed recovery by 3 weeks post-exposure ( Figure   5a ). Two-way ANOVA with repeated measures across rostral-caudal location indicated a significant effect of radiation exposure (P 5 .0021), rostral-caudal location (P < .0001), interaction (P < .0001), and subjects (P < .0001) at 2 weeks; a significant effect of exposure (P 5 .0033), rostral-caudal location (P < .0001), interaction (P 5 .0009), and subjects (P < .0001) at 3 weeks; and a significant effect of rostral-caudal location (P < .0001), interaction (P < .0001), and subjects (P < .0001) at 4 weeks post-exposure (Figure 5a , Supporting Information, Table S2 ).
Dunnett's multiple comparisons test comparing irradiation groups to controls was performed to establish specific differences in YFP1 cell numbers as a function of rostral-caudal location, as shown in Figure 5a and Supporting Information, Table S3 The PCNA labeled fraction of OPCs was affected by radiation dose in all areas examined (P < .0001 for each). n 5 5-9/group, two-way ANOVA with Bonferroni's multiple comparisons test comparing all conditions. Graphs represent mean 6 SEM. *P < .05, **P < .01, ***P < .001 [Color figure can be viewed at wileyonlinelibrary.com] 6 Gy or 13 20 Gy IR (Figure 5b ). BrdU levels at the rostral and caudal poles appear higher in 63 6 Gy than 13 20 Gy irradiated animals; because cell depletion occurred earlier through the fractionated paradigm, a proliferative response from the unirradiated poles likely began at an earlier time post-IR, resulting in greater cell labeling. At 2 weeks post-exposure, there was a significant effect of radiation exposure (P 5 .0002), rostral-caudal location (P 5 .0273), and interaction (P < .0001) by two-way ANOVA with repeated measures of logittransformed data (Supporting Information, Table S2 ). At 3 weeks there was a significant effect for subjects (P < .0001) and at 4 weeks a significant effect of exposure (P 5 .0036) and interaction (P 5 .0051; Supporting Information, Table S2 ). Specific examples of alterations in the proportion of YFP1 cells that were BrdU1 are shown in Supporting Information, Table S4 .
In addition to assessing differences in the survival of YFP1 OPCs proliferating at 3 days post-exposure, we analyzed proliferation at the time of sacrifice by assessing the proportion of YFP1 OPCs that expressed PCNA (Figure 5c ). Two-way ANOVA of the logittransformed data suggested an effect for rostral-caudal location (P 5 .0007) and interaction (P < .0001) at 2 weeks post-exposure and for rostral-caudal location (P 5 .0125) and subjects (P 5 .0002) at 4 weeks post-exposure (Supporting Information, Table S2 ). While there appeared to be a change in the pattern of YFP1 OPC proliferation over time, suggesting the bulk of proliferating YFP1 cells in 63 6 Gy There is an overall effect of radiation exposure at 2 weeks (P 5 .0021) and 3 weeks (P 5 .0033); rostralcaudal location at 2, 3, and 4 weeks (P < .0001); and interaction at 2 weeks (P < .0001), 3 weeks (P 5 .0009), and 4 weeks (P < .0001). (b) Survival of OPCs at 2, 3, and 4 weeks after radiation. 5-bromo-2-deoxyuridine (BrdU) was administered intraperitoneally at 3 days after the final radiation exposure. Analysis of logit-transformed data shows a significant effect of radiation treatment at 2 weeks (P 5 .0002) and 4 weeks (P 5 .0036), of rostral-caudal location at 2 weeks (P 5 .0027), and of the interaction at 2 weeks (P < .0001) and 4 weeks (P 5 .0051). (c) PCNA1 fraction of OPCs at 2, 3, and 4 weeks after radiation. Analysis of logit-transformed data reveals an overall effect of rostral-caudal location at 2 weeks (P 5 .0007) and 4 weeks (P 5 .0125) and an interaction between dose and rostral-caudal position at 2 weeks (P < .0001). Quantitation was performed across the cortex and hippocampus. n 5 1-4 animals/group, two-way ANOVA with repeated measures, Dunnett's multiple comparisons test comparing radiation groups to control. Graphs represent mean 6 SEM. $: P < .05 for 0 Gy versus 23 6 Gy; *: P < .05 for 0 Gy versus 63 6 Gy; #: P < .05 for 0 Gy versus 13 20 Gy and 13 20 Gy irradiated animals moved from the rostral and caudal poles toward the radiation-depleted center of the brain (Figure 5c ), few specific examples of significant changes in proliferation were found using Dunnett's multiple comparisons test comparing irradiated groups to control (Supporting Information, Table S5 ).
| Recovery of YFP1 cells is sex-and dosedependent at 3 months post-IR
At 3 months following the final exposure to IR, persistent depletion of YFP1 cells was apparent in the cortex and hippocampus of female mice exposed to 63 6 Gy and 13 20 Gy IR (Figure 6a) . A significant effect of IR exposure (P 5 .0029), rostral-caudal location (P < .0001), interaction (P < .0001), and subjects (P < .0001) was indicated by twoway ANOVA with repeated measures (Supporting Information, Table   S6 ). Conversely, while 63 6 Gy irradiated males did not show recovery, YFP1 cell numbers in male mice exposed to 13 20 Gy IR were indistinguishable from unirradiated controls (Figure 6b ). Two-way ANOVA indicated a significant effect of exposure (P 5 .0119), rostral-caudal location (P < .0001), interaction (P 5 .0001), and subjects (P < .0001) (Supporting Information, Table S6 ). A reduction in the PCNA1 fraction of YFP1 cells in 63 6 Gy irradiated female mice (Figure 6c , Supporting Information, Table S7 ) indicated a persistent effect of radiation on YFP1 OPC proliferation, which may contribute to the lack of recovery of YFP1 cells in these animals. An effect of exposure (P < .0001) and rostral-caudal location (P 5 .0009) was present by two-way ANOVA with repeated measures on logit-transformed data (Supporting Information, Table S7 ). Two-way ANOVA with repeated measures suggested an overall effect of dose (P 5 .0009) on YFP1 cell proliferation in male mice as well (Supporting Information, Table S6 ), though few specific examples were seen with Dunnett's multiple comparisons test of the logit-transformed data (Supporting Information, Table S7 ).
3.7 | Reductions in GSTP11 oligodendrocytes may be due to reduced YFP1 OPC maturation at 6 and 18 months from radiation exposure
To determine the long-term impact of early OPC loss we assessed the number of YFP1 cells and GSTP11 oligodendrocytes, as well as the proportion of GSTP11 oligodendrocytes expressing YFP, in the cortex
Differential recovery of OPCs at 3 months post-radiation. There is an overall effect of radiation exposure (P 5 .0019), rostral-caudal location (P < .0001), and interaction (P 5 .0001) on OPCs in female mice (a), and an effect of exposure (P 5 .0029), rostral-caudal location (P < .0001), and the interaction (P < .0001) in male mice (b). (c) PCNA1 proliferative OPCs are reduced after fractionated IR in female mice, where there is a significant effect of exposure (P < .0001) and rostral-caudal location (P 5 .0009) in logit-transformed PCNA1 YFP1/YFP1 cells. (d) Radiation exposure affects the logit-transformed PCNA1 fraction of YFP1 cells in males (P 5 .0009). Quantitation was performed across the cortex and hippocampus. n 5 4-5 animals/group, two-way ANOVA with repeated measures, Dunnett's multiple comparisons test comparing radiation groups to control. Graphs represent mean 6 SEM. *: P < .05 for 0 Gy versus 63 6 Gy; #: P < .05 for 0 Gy versus 13 20 Gy at 6 and 18 months after radiation exposure (Figure 7 ). Radiation reduced YFP1 cells at 6 months (F(2,34) 5 18.27, P < .0001; Figure   7c ). No effect of sex or interaction was observed. The number of GSTP11 oligodendrocytes was affected by radiation dose (F (2,34) 5 32.52, P < .0001) and sex (F(1,34) 5 5.701, P 5 .0227) at 6 months, but no interaction was observed (Figure 7d ). The proportion
Reduced maturation of oligodendrocyte progenitor cells correlates with decreased numbers of mature oligodendrocytes at 6 and 18 months after radiation exposure. (a and b) Representative images of cortical YFP and GSTP1 expressing cells at 6 and 18 months from radiation. Scale bar 5 50 lm. (c) At 6 months, an effect of radiation dose (P < .0001) on YFP1 cells was observed. (d) Both radiation dose (P < .0001) and sex (P 5 .0227) affected GSTP1 cell numbers at 6 months. (e) The proportion of GSTP11 oligodendrocytes that expressed YFP was reduced by radiation dose at 6 months (P < .0001). (f) At 18 months, an effect of radiation dose (P < .0001) and sex (P 5 .0064) on YFP1 cells was observed. (g) Radiation dose (P < .0001) affected the number of GSTP1 cells at 18 months. (h) Radiation dose (P < .0001) and sex (P 5 .0003) affected the proportion of GSTP11 oligodendrocytes that expressed YFP. n 5 6-9/group. Two-way ANOVA with Bonferroni's multiple comparisons test comparing all groups. Graphs represent mean 6 SEM. *: P < .05, **: P < .01, ***: P < .001 [Color figure can be viewed at wileyonlinelibrary.com] of GSTP11 oligodendrocytes that expressed YFP was reduced by radiation exposure at 6 months (F(2,32) 5 22.42, P < .0001), while no effect of sex or interaction was observed (Figure 7e ). At 18 months, an effect of radiation exposure (F(2,41) 5 56.54, P < .0001) and sex (F (1,41) 5 8.27, P 5 .0064), without interaction, on YFP1 cells was observed ( Figure 7f ). The number of GSTP11 oligodendrocytes was reduced by radiation exposure (F(2,41) 5 40.7, P < .0001) at 18 months (Figure 7g ), but there was no effect of sex or interaction. The proportion of GSTP11 oligodendrocytes that expressed YFP at 18 months was reduced by radiation exposure (F(2,41) 5 35.58, P < .0001; Figure   7h ). An effect of sex (F(1,41) 5 15.22, P 5 .0003), but not interaction, was also observed. These data show that YFP1 OPCs do not recover to control numbers through 18 months from single dose or fractionated radiation exposure in males or females. Moreover, at 6 and 18 months from both radiation paradigms GSTP11 mature oligodendrocytes are reduced in both sexes, with a reduced proportion of YFP1 cells differentiating into GSTP11 oligodendrocytes in the same time frame. This suggests that radiation exposure reduces maturation of OPCs.
| D I SCUSSION
To compare the effects of single dose and fractionated IR paradigms expression in the areas we examined (corpus callosum, cortex, hippocampus) was described as overlapping with PDGFRa1 staining (Rivers et al. 2008) . Moreover, the small fraction of neurons observed by Rivers et al. (2008) would not significantly affect interpretation of our results. Although we are not aware of any investigation into cell-fate of PDGFRa1 OPCs after radiation, we examined whether YFP overlapped with the astrocyte specific marker GFAP in irradiated tissues and found no evidence for radiation-associated changes in OPC cell fate (data not shown).
Animals were exposed to 63 6 Gy or 13 20 Gy IR and additional exposure groups of one or two doses of 6 Gy were used to assess OPC dynamics through the fractionated paradigm at acute time points.
We report that the number of YFP1 OPCs in the mouse corpus callosum, cortex, and hippocampus was reduced 8 hr and 3 days after single dose or fractionated radiation exposure. The OPC reduction was significantly greater in mice exposed to 63 6 Gy than 13 20 Gy IR, indicating that fractionation may enhance acute IR-induced OPC loss.
A caveat is the dose timing; loss of OPC populations began 2 weeks earlier in the fractionated paradigm. If delayed loss of OPCs occurs in response to 13 20 Gy IR, loss may even out over time, as observed at 2 weeks and later time points. While fractionation can enhance IRinduced death in rapidly proliferating normal and tumor tissue, it is utilized in late responding normal tissue like the CNS to reduce side effects of radiotherapy (Panganiban, Snow, & Day, 2013) . However, our data show that proliferating OPCs in the CNS are highly susceptible to fractionated IR, suggesting a possible role in CNS radiation side effects.
While mitotic catastrophe is the primary mechanism of radiationinduced cell death, its direct measure requires assessment of aberrant chromosomes, spindle formation, and multi-and micro-nucleated cells (Firat et al. 2011; Roninson, Broude, & Chang, 2001 ). Because such assessments require in depth and time intensive analysis of many cells and because we were investigating the effects of radiation in large areas of the mouse brain as opposed to cell culture, we chose to look at apoptosis, which also contributes to IR-induced cell death (Panganiban et al. 2013 ). However, ongoing mitotic catastrophe likely contributed to IR-induced loss of OPCs, and may explain the increased loss that occurs between 8 hr and 3 days from 13 6 Gy IR and between 3 days and 2 weeks from 13 20 Gy IR, for example. In the cortex and hippocampus, two exposures of 6 Gy IR resulted in a greater proportion of apoptotic OPCs than a single dose at 8 hr from exposure, indicating that repeated exposure to radiation enhances the proportion of
OPCs that are radiosensitive. In fact, the apoptotic fraction of OPCs was greater after 23 6 Gy than 13 20 Gy IR in the cortex. Conversely, in the corpus callosum the greatest increase in apoptosis was observed after 13 20 Gy IR. This may be due to differences between white and gray matter. Because corpus callosum OPCs have a shorter cell cycle than cortical OPCs (Psachoulia et al. 2009 ), and insult is suggested to reduce cell cycle length (Simon et al. 2011) , cell death may occur earlier after the second exposure and we may have missed the peak of apoptosis after 23 6 Gy in the corpus callosum, but not in the gray matter regions examined. The differences in proliferation rates may also affect which cell cycle phases OPCs are in 48 hr after exposure in white versus gray matter, and therefore related radiosensitivity. Additionally, the apoptotic fraction after a single dose of 6 Gy IR was higher in the corpus callosum than the gray matter areas investigated. If white matter cells are more sensitive to IR-induced death, as has been suggested (Li, Jay, & Wong, 1996) , the first exposure may kill a larger proportion, resulting in a smaller impact from the second fraction when compared with the first.
Our data support a role for proliferation in IR-induced apoptosis.
Both fractionated and single dose radiation exposure increased proliferation as assessed by the BrdU1 and PCNA1 fractions of YFP1 cells at 3 days from the final exposure. Importantly, two doses of 6 Gy enhanced the proportion of proliferating YFP1 OPCs over a single 6 Gy exposure, suggesting an increased proportion of OPCs enter the cell cycle with consecutive doses. The increased proportion of cycling OPCs likely occurs due to cell loss; loss of OPCs from one radiation exposure recruits surviving OPCs into the cell cycle to repopulate the irradiated area, similar to observations using other OPC depletion strategies (Atkinson, Li, & Wong, 2005; Hughes, Kang, Fukaya, & Bergles, 2013) . This may suggest IR-induced cell cycle synchrony, which is usually associated with early responding tissues and tumors and not traditionally associated with the late responding CNS.
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Drawing conclusions about OPC behavior from the 63 6 Gy irradiation group is problematic, since very few OPCs remain by the end of the fractionation paradigm. In rats, fractionation was shown to increase subventricular zone cell loss, which plateaued after a fourth daily exposure to 1.5 Gy cranial IR (Shinohara, Gobbel, Lamborn, Tada, & Fike, 1997) . Thus, with further 6 Gy exposures, we may have seen a plateau in cell loss and a reduced recruitment into the proliferative phase, which would explain the limited proliferation seen in our 63 6 Gy irradiation group. Notably, the greatest increases in proliferation were often observed in the 13 20 Gy irradiated group. However, after a single 20 Gy exposure, no additional radiation exposure occurred to promote further cell killing.
While there is agreement in the literature that OPC numbers are The lack of survival of BrdU1 YFP1 cells in the 13 20 Gy IR groups suggests persistent loss of these cells over time, which, as noted above, may be due to delayed mitotic catastrophe (Firat et al. 2011 ).
This would explain the relatively minor migration of these early prolif- In addition to the reduction in YFP1 cells, the number of GSTP11 mature oligodendrocytes was reduced at both 6 and 18 months in 13 20 Gy and 63 6 Gy irradiation groups. While some depletion of mature oligodendrocytes could be attributed to direct injury, the fraction of GSTP11 oligodendrocytes that was YFP1, a proxy for OPC maturation after the time of radiation exposure, was also significantly reduced in both paradigms and at both time points. This suggests that maturation of OPCs is inhibited long term in both males and females following radiation with or without fractionation. However, it is unclear from these experiments whether IR-induced impairment is dependent on a microenvironment that opposes proliferation and maturation of OPCs, as has been shown for neural progenitors (Monje, Mizumatsu, Fike, & Palmer, 2002) , or on an OPC-intrinsic defect. Further studies will be required to elucidate the source of impaired OPC maturation and determine the role of the microenvironment in altering OPC behavior.
Because oligodendrocytes supply trophic factors to axons (Bradl & Lassmann 2010; Fruhbeis et al. 2013 ) and myelin plasticity is linked to learning and cognition (Bartzokis et al. 2010; McKenzie et al. 2014; Schlegel, Rudelson, & Tse, 2012) , dysfunction in this cell lineage could contribute to the side effects of radiation. Importantly, the susceptibility of OPCs to fractionated radiation may explain, in part, why cognitive side effects and demyelination still occur with fractionated radiotherapy paradigms. We have previously shown that the proportion of large, myelinated to small, unmyelinated axon fibers, but not velocity of signal transmission, in the corpus callosum is affected by both fractionated and single dose radiation (Begolly, Shrager, Olschowka, Williams, & O'Banion, 2016) . Notably, in this same study we also showed decreased PDGFRa1 cell densities for both fractionated and single high dose irradiation at 3 weeks and 18 months (Begolly et al. 2016) , consistent with the changes in YFP-labeled OPC populations described here.
While standard fractionated whole brain protocols are performed at doses varying from 1.8 to 2.5 Gy per fraction, suggesting the doses used in this study are high, single stereotactic radiosurgery (SRS) doses commonly range from 15 to 20 Gy (Kohutek et al. 2015; Trifiletti et al. 2015) . Moreover, the mouse brain does not exhibit the same degree of radiation sensitivity as does the human brain; preclinical investigations have shown an ED50 of over 32 Gy for radiation-induced brain death in mice (Chiang & McBride 1991) , and no necrosis was observed fol- 
